The aim of this study was to investigate the relationship between HIF-1α and SNAIL gene expression in the epithelial ovarian cancer (EOC) cell line. EOC cells were treated with hypoxia, hypoxia combined with rapamycin, and control. The expression of HIF-1α and E-cad were assessed by reverse transcription-polymerase chain reaction (RT-PCR) and western blotting. The gene expression of SNAIL was studied by RT-PCR and real-time PCR. RNA interference technology was used to determine the relationship between HIF-1α and SNAIL. The present study indicated that the HIF-1α protein was expressed and increased in EOC cell line. SNAIL mRNA was found to increase and E-cad expression decreased with the time of hypoxia prolonged. Hypoxia increased invasion abilities of EOC cell line, but compared with cells exposed to hypoxia, the change of invasive ability of cells with rapamycin had no effect. The expression of HIF-1α protein and SNAIL mRNA could be inhibited gradually by rapamycin. siRNA of HIF-1α could suppress the expression of SNAIL while siRNA of SNAIL had no influence on HIF-1α protein expression. HIF-1α may be the upstream of the SNAIL gene in EOC. Our data suggested that HIF-1α might be an upregulator of the SNAIL gene and HIF-1α-SNAIL-Ecad pathway may play an important role in EOC invasion and metastasis.
Ovarian cancer is the leading type of gynecological tumors. Despite reductive surgical and chemotherapeutic intervention, the recurrences followed by chemotherapy resistance lead to significant morbidity and mortality. The 5-year survival of patients with advanced ovarian cancer remains poor. The majority of ovarian cancers are epithelial ovarian cancer (EOC).
It has been validated that solid tumors are mostly located in a hypoxia environment. Intratumoral hypoxia is related to an increased risk of metastasis and invasion in human cancer. This has been shown in carcinoma of the breast, pancreas, cervix, and endometrial carcinomas. [1] [2] [3] [4] Hypoxia-inducible factor 1α (HIF-1α), a key regulator of the cellular response to hypoxia, can be detected in many malignant tumors. 5 In normal ovarian tissue and benign tumors, the HIF-1α expression rate is notably lower than in borderline and invasive tumors. 6 It can also be observed that overexpression of HIF-1α in ovarian carcinoma and the level of HIF-1α are correlated with the stage of tumor. There is a significant increase of HIF-1α in stage III and IV ovarian epithelial tumors. 7, 8 Increased levels of HIF-1α protein in cancer cell lines are correlated with increased metastasis potential. 9 The SNAIL gene, a direct inhibitor of E-cadherin (E-cad), acted as a master regulator of the epithelial mesenchymal transition (EMT). 10, 11 Overexpression of the SNAIL gene has been studied in many tumors including hepatocellular carcinoma, squamous cell carcinoma, breast cancer, renal carcinoma, and ovarian cancer. [12] [13] [14] [15] [16] [17] All these works showed that the SNAIL gene is an important transcription factor in the process of metastasis and invasion. Hypoxia is an important factor that can induce SNAIL in many human cancers, as well as other EMT regulators (TWIST, slug, smads, ZEB) and also lead to the interaction among these regulators. [18] [19] [20] [21] Although it has been reported that hypoxia may reduce the expression of E-cad and upregulate the expression of the SNAIL gene in ovarian carcinoma and later initiate detachment of the ovarian cancer cells from the primary lesion, 20 the signal transduction pathway of the SNAIL gene in ovarian carcinoma is still unclear. The relationship between HIF-1α and SNAIL are still to be explored.
In this study, we examined the expression of HIF-1α and SNAIL in SKOV3 and CAOV3, which cultured in ordinary condition or hypoxia with or without rapamycin. RNA interference was used to determine the relationship between HIF-1α and SNAIL.
Materials and methods

Materials
Rapamycin and cobalt chloride (CoCl 2 ) was obtained from Sigma Chemical Co. (St. Louis, MO, USA). The human EOC cell line SKOV3 and CAOV3 used in this study was kindly provided by Dr. Yinhua Yu (Anderson Cancer Center, TX, USA). Cell culture supplies, RPMI-1640, were obtained from Gibco.
Cell culture
The human EOC cell lines SKOV3 and CAOV3 were grown in RPMI-1640 medium supplemented with 10% fetal bovine serum under conditions at 37°C in a humidified atmosphere containing 5% CO 2 . For hypoxic treatment, cells were placed in a modular anaerobic chamber that was flushed for 15 min with a gas mixture consisting of 1% O 2 , 5% CO 2 , and 94% N2, sealed, and incubated at 37°C for 8 h, 16 h, or 24 h with or without 100 nM rapamycin.
Western blotting
Whole cell extracts were prepared as follows. Cells were washed and lysed in 8 M urea, 10% glycerol, 1% SDS, 10 mM Tris HCl (pH 6.8), protease inhibitors (F. Hoffmann-La Roche Ltd., Switzerland), followed by centrifugation 4°C for 30 min at 14,000 rpm in a micro centrifuge. The supernatants were collected and stored at −80°C until required. Equal amounts of protein (40 µg) were separated by 8% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto PVDF membranes (Bio-Rad Laboratories). Immobilized proteins were blocked with 5% non-fat dry milk in phosphate-buffered saline (PBS) at 4°C overnight and then incubated for 2 h at room temperature with the anti-HIF-1α mouse monoclonal antibody Mab (1:500, Santa Cruz, CA, USA) or anti-E-cad mouse Mab (1:400, Zymed, South San Francisco, CA, USA) diluted in 5% milk/PBS. After incubation the membranes were washed three times with PBS/0.5% Tween 20 and incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary antibody diluted in 5% milk/PBS (1:2000) . The immune complexes were visualized by enhanced chemiluminescence. Blots were stripped and incubated with mouse anti-human GAPDH Mab (1:5000, Kangchen Co. Ltd., PR China) to ensure equal amounts of protein in each lane.
Reverse transcription-polymerase chain reaction analyses (RT-PCR) and quantified real-time PCR
Total cellular RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA, USA). The cDNA was synthesized with RevertAid TM first strand cDNA synthesis kit (MBI Fermentas, Burlington, Canada). The primes for PCR of human HIF-1α, SNAIL, E-cad, GAPDH (SIBAS Biotech Development Ltd. Company, PR China) were as follows: E-cad forward primer 5'-GATGGGGTCTTGCTATGTTG-3', reverse primer 5'-AACCACGGATCTTGTGTCAG-3'; HIF-1α forward primer 5'-TCCGATGGAAGCA CTAGACA-3', reverse primer 5'-TCAAAGC GACAGATAACACG-3'; SNAIL forward primer 5 ' -T C A G A C G A G G A C A G T G G G A A A G -3', reverse primer 5'-GCTTGTGGAGCAG GGACATTC-3'; GAPDH forward primer 5'-ACCACAGTCCATGCCATCAC-3', reverse primer 5'-CCACCACCCTGTTGCTGTAG-3'.
The PCR conditions for E-cad primer sets were as follows: hot start at 94°C for 5 min, 35 amplification cycles, each consisting of 94°C for 45 s, 58°C for 45 s, and 72°C for 55 s; and a final extension step at 72°C for 10 min. For HIF-1αand SNAIL primer sets were as follows: hot start at 94°C for 5 min, 30 amplification cycles, each consisting of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s; and a final extension step at 72°C for 10 min. The GAPDH mRNA was used as an internal standard. PCR products were separated on 2% agorose gel, stained with ethidium bromide, and visualized under UV light.
Real-time PCR was performed using DNA Engine OpticonTM sequence detector. The sequences of the forward primer, reverse primer, and TaqMan probe for human SNAIL were as follows: forward primer 5'-TCGGAAGCCTAAC TACAGCG-3', reverse primer 5'-GATGAGCATT GGCAGCGAG-3', TaqMan probe 5'-TTACCTT CCAGCAGCCCTACGACC-3'.
Values were determined by reference to a standard curve generated by a serial dilution of cDNA and normalized by the levels of actin mRNA. Threshold cycle (CT) determination was automatically performed by the instrument for each reaction. The reaction conditions were 95°C for 5 min, and 40 complete cycles of 95°C for 30 s, 56°C for 30 s, and 72°C for 30 s.
Transwell invasion assay
Cells cultured in medium with or without 100 nM rapamycin were harvested after 16 h and 24 h of being exposed to hypoxia. Cells cultured in normoxic were harvested after 16 h and 24 h and were used as the control group.
RNA interference
siRNA of HIF-1α was designed, in which target nucleotides 1521-1541 were synthesized and annealed (Genechem Co. Ltd., PR China). The siRNA of SNAIL duplex target nucleotides 1294-1312 of the SNAIL mRNA (NM005895) was designed and synthesized as follows. As a control for siRNA we used a corresponding random siRNA. siRNA of HIF-1α forward primer 5'-AGAGGUGGAUAUGUGUGGGdTdT-3', reverse primer 5'-CCCACACAUAUCCACCU CUdTdT-3'; siRNA of SNAIL forward primer 5'-GGUGUGACUAACUAUGCAAdTdT-3', reverse primer 5'-UUGCAUAGUUAGUCACA CCdTdT-3'; siRNA of random forward primer 5'-UUCUCCGAACGUGUCACGUdTdT-3', reverse primer 5'-ACGUGACACGUUCGGAGAA dTdT-3'.
siRNA was annealed at a final concentration of each 20 mM by heating at 90°C for 2 min in annealing buffer and transfection of siRNA was performed using Oligofectamin (Invitrogen).
Cells were plated onto 6-well plates. When grown to 50-60% confluence, they were washed with Opti-Mem I (Invitrogen, Carlsbad, CA, USA) to remove any residual serum and incubated with the oligonucleotide duplexes at a concentration of 100 nM in serum-free conditions for 4 h at 37°C. Serum was then added back to the wells, and cells were incubated for 24 h following an additional 24 h cultured hypoxia. Cells were then collected for western blotting to analyze the expression of HIF-1α and for real-time PCR to compare the expression of SNAIL mRNA.
Statistics
Each experiment was repeated three times. The results were presented as mean ± SD. Data were analyzed using SPSS 19.0 windows software. Differences were considered significant at P <0.05.
Results
HIF-1α related with increased expression of SNAIL and decreased of E-cad
Cells cultured in medium were harvested after 8 h, 16 h, or 24 h exposed to hypoxia, and whole cell protein extracts or total RNA were prepared. Routine cultured cells were lysed at the same time and analyzed as control. Present study showed that routine cultured EOC cell line SKOV3 and CAOV3 have a relative low level of HIF-1α expression and increase in a significant level (more than six-fold, P <0.001) exposed to hypoxia for 16 h. After hypoxia 24 h, the expression of HIF-1α decreased a little compared with hypoxia 16 h, but were still more than four-fold to control (P <0.001) ( Figure  1a ). RT-PCR showed that there were no significant changes in HIF-1α mRNA expression levels ( Figure 1b ).
In addition, E-cad protein and mRNA expression was decreased gradually with time of hypoxia prolonged ( Figure 1 ). It decreased 52% under hypoxia 16 h and 95% under hypoxia 24 h. The direct repressor of SNAIL mRNA was found to increase with the time of hypoxia prolonged by RT-PCR ( Figure 1b ) and real-time PCR (Tables 1  and 2 ). SNAIL mRNA copy is about three-fold to the control (normoxic cultured cells) (P <0.001). four-fold to the control (P <0.001) ( Tables 1 and  2 ). As a direct repressor of E-cad, this model of expression is thought to be understandable. It suggested that SNAIL might be related to HIF-1α.
When cells cultured hypoxia 24 h, it reached about
Hypoxia increased invasion abilities of EOC cell line
After transwell invasive cabin assay showed hypoxia, invasion abilities of SKOV3 and CAOV3 cells were significantly enhanced. Compared with the control group (normoxic cultured cells), the number of cells through the cell membrane increased significantly after 16 h and 24 h hypoxia. Compared with cells exposed to hypoxia, however, the change of invasive ability of cells with 16 h and 24 h rapamycin had no effect (Figure 2 ).
Rapamycin inhibits not only the expression of HIF-1α, but also the SNAIL gene
To elucidate the mechanism of the aberrant E-cad expression of EOC cells in hypoxia, rapamycin, which inhibits the expression of HIF-1α through target of the mammalian target of rapamycin (mTOR) and then interacts with the PI-3K pathway, 22, 23 was administrated to confirm if hypoxia induced E-cad was lost through the HIF-1α pathway. We found that rapamycin was able to blunt the upregulation effect of HIF-1α protein and maintain cells expressed E-cad in hypoxia. At the same time, we got another interesting finding that rapamycin had the ability to restrain SNAIL mRNA.
The protein expression of HIF-1α containing hypoxia 16 h and 24 h with rapamycin was about twofold to control while those without rapamycin were about six-fold (P <0.001) and four-fold (P <0.001) each in EOC cells. E-cad protein was no more declined hypoxia with rapamycin in used (Figure 3a ). Further analysis revealed that HIF-1α and E-cad mRNA expression in EOC cell with rapamycin have the same trend (Figure 3b ). SNAIL mRNA was downregulated by rapamycin ( Figure 3b) .
In order to examine the regulation of rapamycin on SNAIL, we determined mRNA levels by quantified real-time PCR. The expression of SNAIL mRNA was depressed significantly. As have been showed, the copy of SNAIL mRNA was decreased gradually with time of hypoxia prolonged and with rapamycin in used (P <0.01) (Tables 1 and 2). Thus it is suggested that the E-cad protein could be maintained by rapamycin through inhibit SNAIL pathway.
HIF-1α may be the upstream of SNAIL gene in EOC cell line
To investigate the relationship between HIF-1 α and SNAIL, SKOV3 and CAOV3 cells were At different times after being exposed to hypoxia, real-time PCR showed that the expression of SNAIL mRNA increased under hypoxia. Rapamycin could decrease the expression of SNAIL mRNA. The results were presented as mean ± SD. **P <0.01, ***P <0.001. At different times after being exposed to hypoxia, real-time PCR showed that the expression of SNAIL mRNA increased under hypoxia. Rapamycin could decrease the expression of SNAIL mRNA. The results were presented as mean ± SD. **P <0.01, ***P <0.001.
exposed to 150 uM CoCl 2 at different times. CoCl 2 is a hypoxia mimic. We confirmed that CoCl 2 might upregulate HIF-1α protein expression at a significant level after 0 h, 8 h, 16 h, and 24 h exposure (Figure 4a ). But SNAIL mRNA expression had no change after exposed to CoCl 2 at different times (Figure 4b ). It seemed that CoCl 2 has no effect on the expression of SNAIL. We then overexpressed HIF-1α by having cells exposed to CoCl 2 for 3 h before rapamycin was added and cultured for another 16 h. Western blotting proved that such overexpression of HIF-1α could not be inhibited by rapamycin (Figure 5a ). Real-time PCR showed that the expression of SNAIL mRNA did not change after cells were exposed to CoCl 2 for 3 h and 19 h and to CoCl 2 for 3 h with rapamycin for another 16 h (Figure 5b ). Our findings indicated that rapamycin lost the ability to restrain SNAIL mRNA in EOC cells with high levels of HIF-1α. Thus it was indicated that the inhibition of rapamycin on SNAIL might depend on HIF-1α.
RNAi was used to confirm the above results. EOC cells were transfected with siRNA of HIF-1α or SNAIL gene for 24 h and then with cultured hypoxia for an additional 24 h. Protein and mRNA were prepared to detect the variety of HIF-1α and SNAIL, respectively. Compared with the control (hypoxia 24 h), HIF-1α siRNA can restrain about 65% of the increase expression of HIF-1α protein after hypoxia 24 h (Figure 6a ). At the same time, SNAIL mRNA can be detected at a lower level than those of interference by HIF-1α siRNA (P <0.001) (Figure 6b ). SNAIL siRNA could inhibit the expression of SNAIL mRNA. Compared with the Random siRNA, SNAIL mRNA expression in EOC interference by SNAIL siRNA was depressed after 24 h hypoxia cultured (P <0.01) (Figure 6b ). Protein analysis showed that SNAIL siRNA had no influence on the expression of HIF-1α protein (Figure 6a ).
Discussion
High expression of HIF-1α has been detected in many cancers. It can regulate the expression of more than 40 target genes. 24 Such genes play important roles in angiogenesis, glycolysis, and erythropoiesis. They also play roles in tumor progression (cell survival, proliferation, invasion, and metastasis), thereby contributing to tumor aggressiveness, favor for further expansion, and metastasis. 24, 25 HIF-1α was found expressed in ovarian cancer and has tight connections to the tumor progression and prognosis. [6] [7] [8] [9] Previous studies have indicated that HIF-1α mRNA levels are constitutively expressed in a large number of human tissues human rodent cell lines. The expression of HIF-1α are thus unchanged upon treatment with hypoxia, 26 suggesting that induction of functional HIF-1α activity could be regulated by a post-transcriptional mechanism. These results confirmed that the regulation of HIF-1α is through a protein degraded pathway, while HIF-1α mRNA are constitutively expressed and not significantly upregulated by hypoxia. 27 Our study investigated for the first time that HIF-1α may be the regulator of the SNAIL gene in EOC. We have shown that rapamycin could inhibit not only the expression of HIF-1α protein, but also the expression of SNAIL mRNA. The data indicated that there might be some relationship between HIF-1α and SNAIL. The decrease of E-cad may result from the HIF-1α-SNAIL pathway. The expression of SNAIL mRNA could be blocked by siRNA of HIF-1α. This result could explain that epithelial ovarian cancer dissemination, progression, and metastasis might be promoted hypoxia by HIF-1α through the SNAIL pathway.
The SNAIL gene plays a critical role in the epithelial mesenchymal transition. Overexpression of the SNAIL gene resulted in the loss of E-cadherin expression, upregulation of vimentin gene expression, and change of their morphology to fibroblastic. SNAIL can also suppress desmoplakin, human mucin 1 (MUC1), cytokeratin 18, claudins and occludins, which are key proteins in the tight junctions, located at the most apical part of the epithelial junction complex. [28] [29] [30] It has been reviewed that growth factors, such as fibroblast growth factor, epidermal growth factor, and TGF-beta, might induce SNAIL expression through different pathways. 31 In our experiment, HIF-1α protein increased significantly under hypoxia accompany with SNAIL mRNA increasing. The expression of E-cad was decreased with the SNAIL gene overexpression. Such data indicated that the EMT induced by SNAIL might relate to the HIF-1α signal transduction pathway.
Aberrant expression of SNAIL brings on changes in cells not only causing the loss of normal cell-cell contacts and acquisition of invasive growth inclination, but also enhancing the resistance to programmed cell death elicited by DNA damage in cancer cells. 32 We had previously reported that rapamycin could repress the expression of HIF-1α associated with reduce ovarian tumor microvessel density, growth restraint, and promote tumor cell apoptosis. 33 The present study showed that rapamycin, the inhibitor of HIF-1α, could also inhibit the upregulation of SNAIL mRNA. However, the inhibition of rapamycin on the SNAIL gene vanished when EOC cells expressed high levels of HIF-1α induced by CoCl 2 . The results suggested that the action of rapamycin on restraining SNAIL need the participation of HIF-1α. This was confirmed by RNAi. We observed that the expression of SNAIL mRNA was significant decline after treated with siRNA of HIF-1α, while the expression of HIF-1α could not be limited by siRNA of SNAIL. The expression of HIF-1α protein does not rely on the SNAIL gene. We confirmed that HIF-1α could act as a regulator of the expression of SNAIL. The inhibition of SNAIL expression by rapamycin was achieved through negative effect on HIF-1α. In another words, HIF-1α might be upstream of the SNAIL gene. Such results confirmed that the SNAIL gene might be a target gene of HIF-1α.
As we know, this is the first report about the relationship between the SNAIL gene and HIF-1α in EOC. It may explain that overexpression of HIF-1α might activate the SNAIL pathway and therefore inhibit the expression of adhesion proteins and trigger EMT.
In our experiment, CoCl 2 alone has no influence on SNAIL expression although it is a stimulator of HIF-1α, giving us more space to discuss regulation of the SNAIL gene. Cell signal transduction exists as a model of network. The regulation of SNAIL through HIF-1α may require some other unknown factors and those factors are more like to be those sensitive to O 2 concentration. Further research on the molecular mechanism should be done to develop novel molecular targeted therapies for EOC.
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